Abstract. The poor therapy response and poor prognosis of esophageal cancer has made it one of the most malignant carcinoma, and the complicated multidisciplinary treatment failed to achieve a long-term disease-free survival. To diagnose esophageal cancer at an earlier stage, and to improve the effect of anticancer therapy would improve the therapeutic efficacy. After retrospective analysis of the cancer samples of patients who received esophagectomy, we found the relevance between ratio of either ALDH1 or CD133-positive cancer stem cells and 2-year recurrence. Higher ratios of cancer stem cells indicated later clinical stages, and Wnt signaling activation was more frequent in later esophageal carcinoma. Further in bench studies, we explored the suppressive roles and the mechanisms involved in Let-7 on self-renewal in ECA-109 and ECA-9706 esophageal cancer stem cells. Isolated cancer stem cells naturally divide symmetrically and are therapy resistant. Therapy of fluorouracil and docetaxel both enriched the stem cells, proving the resistant characteristics of cancer stem cells. Wnt activation stimulated more symmetric division of stem cells, resulting in self-renewal promotion, which could be blocked by Let-7 overexpression. Furthermore, enforced Let-7 sensitized the stem cells to chemotherapies in a Wnt pathway inhibition-dependent manner, contributing to Let-7 sensitization of chemotherapeutic response. Wnt activation weakened the suppressive Let-7b through the sponge functions of CCAT-1, forming the negative feedback loop of Let-7b/Wnt/CCAT1. These results identified the crucial participation of stem cells in esophageal cancer occurrence and progression as the potent indicator, and also indicate the potential powerful agent of Let-7 nano-particles in treatment of cancer.
Introduction
Higher recurrence rate and poorer survival prognosis have made esophageal cancer one of the most lethal malignancies, ranked the fourth in cancer-related mortality (1) (2) (3) . The overall 5-year survival rate varies from 15 to 25%, and still no efficient treatments are available (2) . Non-coding Let-7 could target and degrade its downstream CCND1, HMGA2, RAS and other oncogenic factors to function as one of the strongest suppressors in both cancer cells and cancer stem cells (4, 5) . The novel regulative mechanisms of miRNAs were defined as 'Sponge action' (6, 7) . The miRNA sponge was accepted as an innovative concept to regulate miRNAs (8) , which could produce segments of RNA, containing repeats of tandembinding sites, which were complementary to seed regions of certain miRNAs (9) . Through base-pair-dependent interaction to the seed region, the sponge leads to a reduction of active 6, 7 and XIN SUN miRNAs. Adenoviral and lentiviral constructs of miRNA sponges utilize RNA polymerase III for transcription (10) , and in detail, H19, CCAT1 of Lnc-RNAs and other circular-RNAs were the molecular sponge corresponding to Let-7 expression (11, 12) . Tumorigenic transformation occurs in the immortal or repeatedly dividing cells more commonly, and cancer stem-like cells (CSCs) were blamed for tumor recurrence and resistance (5, 13) , whereas, how these CSCs emerge is still unclear. Cancer stem cells could be identified and isolated by FACS sorting in cell lines, and be identified in cancer tissues by immunofluorescence or immunohistochemical staining (14) (15) (16) . Esophageal cancer stem cells could be identified with surface markers of CD133 (17, 18) and ALDH1 (19) (20) (21) (22) (23) . The treatments aiming to eliminate the stem cells will help in cancer treatment, yielding diagnostic and therapeutic approaches (4, 5) . The way stem cells divide affects greatly the stem cell numbers, but how the division influence the cell renewal capacity is still in debate. Carcinogenesis may arise as a consequence of adult stem-cell dysfunction, which fails to undergo asymmetric cell division (ACD) (24, 25) . The fine regulations of stem cells allow themselves to self-renew and generate the differentiated cells, forming and maintaining mature tissues and organs. The uncontrolled symmetric cell division (SCD) will expand the stem cell pool, resulting in numerous stem-like cells in carcinoma (26, 27) .
The aim of ACD is to create two different daughter cells; one is to sustain the stem cell group, and another is to differentiate into certain type. The way to achieve this is the asymmetric segregation of cell fate determinants, such as Numb, PkC, and p53 (28) (29) (30) (31) , which could instruct the cell that inherits it to adopt a certain identity (27) . The asymmetric distribution of cell fate determinants makes the cells segregate in a polarized way, with the mitotic spindle enriched asymmetrically. The influences on ACD decrease the stem cell number, determining the stem cells fate. The division manner in esophageal cancer cells, and the relationship between the stem-like cells and cancer biology are barely known in esophageal cancer. In the present study, we explored the mechanistic phenotypes of division of stem-like cells in esophageal cancer, and the application of tentative usage of nanoliposomal noncoding RNA in cancer treatment.
Materials and methods

Enrollment of patients.
From July 2008 to November 2014, 317 Chinese patients consecutively underwent radical esophagectomy and reconstruction for esophageal tract at the First Affiliated Hospital of Xi'an Jiaotong University, were evaluated and enrolled. The pathological examinations were confirmed and filed in order. The clinicopathological characteristics, and results of pathological sections were collected and shown in detail in Table I . Patients diagnosed with phase Iv carcinoma preoperatively were not enrolled, and grouped patients with phase Iv were all diagnosed postoperatively. Histopathologic evaluation was confirmed by two separate pathologic professors, and patients were diagnosed with no other system malignancies. Written informed consent was obtained from each patient, in accordance with the Declaration of Helsinki before sample collection. The study protocol and patients' informed consent statements were approved and supervised by the Ethics committee of the First Affiliated Hospital and the Second Affiliated Hospital of Xi'an Jiaotong University.
Isolation and culturing of stem cells. Esophageal cancer cells were maintained at 37˚C, 5% CO 2 in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Hyclone, Salt Lake City, UT, USA) and 1% penicillin/streptomycin (Cellgro, Lowell, MA, USA). fluorouracil and docetaxel were used at a concentration of 0.2 mM. The stem-like cells were cultured as we previously described. Briefly, cells were grown in ultra-low attachment dishes (Corning Inc., Lowell, MA, USA), supplemented with serum-free medium (DMEM/F12), 1:50 B27 (Invitrogen), 20 ng/ml recombinant human basic FGF (Invitrogen), 5 µg/ml insulin, 0.5 mg/ml hydrocortisone and 20 ng/ml epidermal growth factor (Invitrogen). The sphere forming efficiency was calculated as the ratio of obtained spheres verses number of plated cells (spheres/1,000 cells). All sphere formation experiments were performed in triplicate independently.
RNA and protein detection. Total RNA was extracted from cells with TRIzol ® reagent (Invitrogen) according to the manufacturer's instructions. The reverse-transcription was conducted by using Prime Script™ RT reagent kit (Takara, Dalian, China). The qRT-PCR was performed on a CFX96™ Real-Time PCR Detection system (Bio-Rad, USA) with SYBR ® Premix Ex-Taq™ II (Takara). The primers for qRT-PCR detection were synthesized by Invitrogen (Shanghai, China). RNU6B (for mature miRNA) or 18S was taken as internal control. Fold change was determined as 2 -∆∆Ct . All experiments were performed in triplicate, independently. Cell lysates were prepared with RIPA buffer containing Protease Inhibitor Cocktail Tablets (Roche) for 15 min on ice. The total protein concentrations were determined using Protein BCA assay kit (Bio-Rad). Protein samples were denatured with 5X loading buffer at 100˚C for 5 min. Equal amounts of protein were separated by 10% SDS-PAGE and transferred onto NC membranes (Bio-Rad). The membrane was blocked with 5% non-fat milk for 2 h at room temperature, and subsequently incubated with primary antibody overnight at 4˚C. The primary antibodies used were as follows: HMGA2 (1:1,000, ab52039; Abcam, Cambridge, MA, USA), CCND1 (1:1,000; #2922; Cell Signaling Technology, Inc., USA), TCF-4 (1:1,000, ab60727; Abcam), β-catenin (1:2,000, ab78483; Abcam). Then the membranes were incubated with HRP-conjugated secondary antibody (1:5,000; Santa Cruz Biotechnology, Inc.) for 2 h. An anti-vinculin antibody (1:5,000, #4650; Cell Signaling Technology, Inc.) was used as internal control.
Construction of CCAT-1 and Let-7b deregulated cells.
For constructing cells with enforced CCAT1, a genomic region encoding CCAT1 was PCR-amplified using PrimeSTAR ® HS DNA Polymerase (Takara) and subcloned into the pcDNA3.1 vector (Invitrogen), named pcDNA3.1-CCAT1. The pcDNA3.1 vector was used as a negative control. The primers were as follows: 5'-CTAGCTAGCACAACATCGACTTTGAAGTT-3' (sense) and 5'-CCCAAGCTTAAGACTTAATATACTTATAT TTA-3' (antisense). To obtain cell lines stably expressing CCAT1, ECA-109 and ECA-9706 cells were transfected with the plasmid pcDNA3.1-CCAT1 or pcDNA3.1 vector by using Lipofectamine 2000 according to the manufacturer's instructions. Cells were selected with neomycin (800 µg/ml) for four weeks. Nanoliposomes containing Let-7b mimics were prepared as previously described (32) (33) (34) . Briefly, let-7b mimics were mixed with 1, 2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) (Avanti Polar Lipids, Alabaster, AL, USA) in the presence of excess tertiary butanol at a ratio of 1:10 (w/w) let-7b mimics/DOPC. The mixture was vortexed and lyophilized. Before experiments, this mixture was hydrated with normal 0.9% saline and purified by separating free mimics from liposomes with 30,000 nominal molecular weight limit filter units (Millipore, Billerica, MA, USA).
Immunochemistry and immunofluorescence staining. The cells were fixed in 4% formaldehyde, washed with PBS for 15 min, and permeabilized with 0.2% Triton X-100 for 20 min. After permeabilization, the cells were blocked with bovine serum albumin (BSA) at 37˚C for 30 min. Fixed cells were incubated with the antibodies against H3k9me2 (1:200, ab1220; Abcam) at 4˚C overnight, followed by Alexa Fluor 594 goat anti-rabbit IgG (H+L) secondary antibody (1:1,000, A-11012; Life Technologies, Gaithersburg, MD, USA) for 1 h at room temperature. The nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI, 1:10,000; 4084; Cell Signaling Technology, Inc.). The fluorescence images were obtained using an Olympus microscope.
For immunochemistry test of clinical samples, briefly, formalin-fixed paraffin-embedded samples were prepared as 4-µm-thick sections as previously described (35) . The sections were incubated with primary antibodies against CD133 (ab19898; Abcam) and ALDH1 (sc-166362, Santa Cruz Biotechnology, Inc.) at 4˚C overnight, and subjected to be incubated with the appropriate secondary antibody for 30 min at room temperature. IHC staining results in each sample was scored using semiquantitative scoring system, taking into consideration the staining intensity obtained and the proportion of positive cells observed.
Statistical analysis.
The association between the postoperative complications, recurrence ratio, the ratio of stem-like cell markers and the clinicopathological factors was assessed using the Chi-square two-tailed test, ANOVA analysis or Fisher's exact test. The independent factor associated with clinicopathological factors and the ratio of stem-like cell markers were evaluated using a logistic regression analysis and Cox regression analysis. All statistical analyses were performed using the GraphPad Prism 5.01 or Microsoft Excel 2011, and a P-value <0.05 was considered to indicate a statistically significant difference.
Results
The ratio of stem-like cells was responsible for prognosis of postoperative survivors. Specimens were tested for the ratio of cancer stem-like cells from each patient, and for the correlation between certain stem cell marker and the ratio of patients who were diagnosed with recurrent esophageal carcinoma after receiving radical esophagectomy. Stem-like cells were more likely to be enriched in carcinoma of later stages ( Fig. 1A and B) . Furthermore, esophageal carcinoma with more stem-like cancer cells tends to relapse more often in two years postoperatively (Table II) . Wnt signaling activation and Let-7b repression were both involved in carcinoma progression, strengthened in esophageal cancer of later stages ( Fig. 1C and D) . The potential miRNA sponge of CCAT1 was increased as Wnt signaling did (Fig. 1E) . The correlation was also observed between Let-7b and TCF-4, indicating the indirect regulation (Fig. 1F) . The staining of ALDH1 and CD133 are shown in Fig. 1G . Last but not least, patients diagnosed with recurrent esophageal carcinoma presented different patterns of stem cell numbers, and carcinoma harbored less stem-like cells indicated longer disease-free survival time, while more cancer stem-like cells were correlated to poorer survival (Fig. 1H) . Additionally, we identified the enriched stem-like cells in patients who received neo-adjuvant chemotherapy, compared to patients undergoing radical esophagectomy with none preoperative treatment (Fig. 1I) . from spheres were found to be naturally resistant to chemotherapy ( Fig. 2A) , and more spheres could be enriched from cancer cells treated with fluorouracil or docetaxel (Fig. 2B) , supporting the hypothesis we concluded. Representative images and the scheme are illustrated in Fig. 2C and D. Fig. 3A . Cancer stem-like cells tend to divide symmetrically generating two unique stem cells to expand the stem cell pool (36, 37) . In stem cells enriched from spheres of esophageal cancer cells, we identified the frequent occurrence of symmetric division through H3k9me2 staining (24, 25, (38) (39) (40) , as presented in Fig. 3B and C. Both Wnt pathway agonist-1 (50 nM, S8178, Selleckchem, USA) and recombinant Wnt1 protein (50 ng/ml; Gibco, Life Technologies, USA) decreased ratio of asymmetric division than that of controlled group significantly (Fig. 3D,  upper) , and to the contrary, increased the ratio of symmetric division (Fig. 3D, lower) . The manner of deregulated division contributed to sphere number increasing (Fig. 3E) .
Wnt signaling activation drives stem-like cells to divide symmetrically to form more spheres. Stem cells and cancer stem-like cells divide asymmetrically to generate two daughter cells with diverse phenotype, as illustrated in
Delivering nanoliposome of Let-7b promotes asymmetric division of cancer stem-like cells.
Let-7 family of miRNAs includes of Let-7a/b/c/d/e/f/g/I and miRNA-98, and Let-7b was selected as the candidate for its stably inhibitive function after we deeply explored their roles in multiple malignancies.
For the first time, we tentatively used the nanoliposome based Let-7 which is closer to the clinical application and has not been explored. The delivery of nanoliposomal Let-7b attenuated the Wnt activator induction of self-renewal (Fig. 4A) . In groups treated with either fluorouracil or docetaxel, Let-7b counteracted the stemness enrichment of chemotherapeutic agents, as was shown in Fig. 4B (ECA-109) and Fig. 4C (ECA-9706) . Representative images are shown in Fig. 4D -F.
Regulatory feedback loop of Let-7 and Wnt signaling was connected through CCAT1.
Either Wnt activation or therapeutic agents stimulated the TCF-4/Wnt activation greatly, detected by luciferase assay (Fig. 5A ). Let-7 decreased selfrenewal of esophageal cancer stem-cells via direct inhibition on TCF-4/β-catenin complex activity, and only the TCF-4 promoter activity of wild-type (compared with mutant group) was inhibited (Fig. 5B) . Enforced Let-7b via Nano-delivery also blocked the Wnt signaling activators (Fig. 5B) . Wnt stimulators accounted for CCAT1 overexpression, formed the Let-7/Wnt/CCAT1 signaling (Fig. 5C ). We further identified that the TCF-4 inhibition stimulated cells to divide asymmetrically, and Let-7b functioned through TCF-4 repression (Fig. 5D ). Wnt activators of inhibited asymmetrically division could be reversed by Let-7b delivery (Fig. 5D ). Let-7b decreased HMGA2/Wnt signaling factors through repressing TCF-4 activity in ECA-9706 (Fig. 6A) and ECA-109 (Fig. 6B) cells. CCAT1 overexpression released the downstream oncogenes of CCND1 and HMGA2, which were directly targeted and degraded by Let-7b in ECA-9706 (Fig. 6A ) and ECA-109 (Fig. 6B) cells. In spheres of ECA-109 cells, Wnt signaling activators sustained HMGA2 and CCND1 level could be equaled by the overexpression Table II . The phenotypes and signatures of stem cell potency involving in recurrence after patients receiving radical esophagectomy. of CCAT1 (Fig. 6C) . Enforced CCAT1 expression released the downstream oncogenes of Let-7b effectively, with Let-7b level staying stable (Fig. 6D) , and further, Let-7b downstream genes were identified to be increased with CCAT1 enforcement (Fig. 6E) , which further proving the hypothesis of CCAT1 interaction with Let-7/Wnt regulatory feedback loop. We found higher level of miRNA sponge of CCAT1
Recurrence ----------------------------------------------------------------------
and TCF-4 in esophageal cancer stem-like cells (Fig. 6F) , indicating the crucial oncogenic roles in tumor formation and progression. 
Discussion
Esophageal carcinoma is one of the lethal malignancies, especially in East Asia and China. Due to its specific biological location and inevitable surgery wound, patients diagnosed suffered greatly from preclinical malaise, dysphagia, malnutrition and slowing postoperative recovery. Apart from the above, poorer prognosis and recurrence are the main obstacles in treatment of esophageal cancer. Cancer possesses mutations that impair the capacity of normal cells responding to the signals that regulate proliferation. However, the theory of CSCs reversed this opinion, meaning that cancer could arise from a few cells that have the capacity to generate the numerous different cells types in a tumor. We previously studied the mechanisms through which the CSCs may emerge, and paid close attention to the formation of different cell types through ACD and SCD, which are crucial to understand carcinogenesis from the viewpoint of stem cells (4) . ACD will decrease the stem cell population through inhibiting the self-renewal and then blocking the proliferating rates of cancer cells. We were determined to find new strategies and reagents to induce more ACD of cancer stem cells, and thought that the decreased stem cell population will inhibit malignancy and prevent tumor recurrence. Stem cell signatures could be influenced by multiple non-coding RNAs, which are also known as fates' determinations. Let-7 and other suppressive miRNAs could decrease the stem cell numbers via inhibition on self-renewal, which were confirmed in multiple systemic malignancies. In the present study, we found that the higher ratio of ALDH1 or CD133-positive cancer stem cells, which was identified with higher intensity of protein level by IHC or IF, is associated with later clinical stages and 2-year recurrence, as was expected. Besides, Wnt signaling activation was more frequent in later esophageal cancer. Cancer stem cells derived from spheres naturally divided symmetrically and are therapy resistant with lower apoptosis ratio consequently. Furthermore, we found that Let-7b directly inhibited TCF-4/β-catenin complex activity in a promoter alternation manner, functioning as negative regulator of self-renewal. Wnt activation released CCAT1 overexpression and rescued the downstream oncogenes of Let-7b effectively, with Let-7b level staying stable. We also demonstrated that a regulatory feedback loop of Let-7 and Wnt signaling was connected through CCAT1, indicated as Let-7/Wnt/CCAT1.
The ratio of stem cells harbored in esophageal carcinoma indicates the prognosis of patients undergoing esophagectomy, and neoadjuvant chemotherapy could enlarge the stem cells pool. Let-7 promotes asymmetric division of esophageal cancer stem cells, which resulted in stem cell renewal repression. Wnt activation of self-renewal could be blocked by Let-7 overexpression, and Let-7 sensitization of adjuvant therapy of fluorouracil and docetaxel was achieved through Wnt signaling inhibition. Moreover, the interaction between non-coding genes greatly expanded the non-coding RNAs controlling the stem cell fate. Traditionally, invisible miRNA and lncRNA functioned through alternating downstream effectors, however, importance of their mutual effect was noted. The basic findings of Let-7 inhibited Wnt signaling, the feedback loop of Let-7b/Wnt was linked via lncRNA of CCAT-1, proving the cascade of Let-7b/Wnt/CCAT-1 signaling. The clear focus of mechanistic regulation of Let-7 and its downstream oncogenic signaling will help to define the prospect application of Nano-Let-7b. Based on the novel roles of stem cell ratio and crucial suppressive functions of Let-7, the detection and targeted therapy of cancer stem cells will pave the way for improving prognosis and the response of comprehensive treatment.
